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Introduction
DNA in eukaryotic cells is organized in chromatin fibers. The repetitive unit
of chromatin is the nucleosome which is formed by 147 base pairs of DNA
wrapped 1.7 times around a histone octamer. The octamer is composed
of a (H3−H4)2 tetramer and two H2A-H2B dimers[1]. It is stabilized by
numerous electrostatic and hydrogen bonds with the DNA[1][2]. The nucle-
osome is dynamic and undergoes spontaneous, reversible unwrapping of part
of the DNA from the histone octamer[3]. The nucleosomes are connected
by short DNA segments termed linker DNA whose length is determined by
the position of the nucleosomes along the DNA strand. The length of the
linker DNA influences the manner in which the nucleosomes fold into a chro-
matin fiber[4]. The compacted structure of the DNA and its dynamics play
an essential role in gene regulation as compacted DNA is unavailable for
transcription.
In magnetic tweezers (MT) experiments a chromatin fiber attached to a mag-
netic bead can be manipulated by pico newton (pN) forces while measuring
its extension with nano meter (nm) resolution[5]. This presents the possibil-
ity to determine the structure and mechanical properties of the chromatin
fiber. The unfolding of the chromatin fiber follows a multi state step-wise
model[4]. The first step includes both nucleosome unstacking and unwrap-
ping of the outer turn of DNA from the nucleosome[6]. Recently li et al.[7]
have visualized unstacking of the nucleosome and unwrapping of the outer
turn separately in one force extension curve by the use of low salt buffer.
This thesis reports the results of performing MT experiments in high and
low salt buffer.
One of the problems we encountered while performing these experiments
was the possible occurrence of drag force on the magnetic bead when the
buffer conditions were changed. We tried to solve this by designing a new
flow cell. Flow cells are the sample holders for MT experiments and con-
sists of a microfluidic channel between two glass cover slips. They can be
made from various different materials[8][9][10] and incorporate for exam-
ple valves[11] and permeable membranes[10]. Our flow cell incorporates a
permeable membrane through which diffusion of small molecules can take
place[10].
Other experiments were performed in which double stranded (ds) DNA was
unzipped into single stranded (ss) DNA to determine its sequence. The
sequence of double stranded DNA plays an important role in the position-
ing of nucleosomes[12]. Recently a double stranded DNA molecule with
a folded nucleosome was unzipped using an optical trap to determine the
position of this nucleosome and quantify the DNA-histone interaction[13].
These unzipping experiments have also shown that DNA mechanics play a
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fundamental role nucleosome dynamics[14]. In this thesis a double stranded
DNA molecule is unzipped using magnetic tweezers. The force dependent
extension of the unzipping molecule is then correlated to the calculated G-C
content ratio from the sequence of the unzipping DNA.
In this thesis chapter 1 explains the theory for chromatin dynamics, fluid
mechanics, diffusion and the models that were used for the unzipping ex-
periments. Chapter 2 describes the MT setup and the procedure used to
fabricate and prepare flow cells. Preparation of buffers and samples is also
described here. In chapter 3 our results are presented. MT experiments in
high and low salt buffer and the design and fabrication of new flow cells is
documented in chapter 3.1. The results of unzipping double stranded DNA
are given in chapter 3.2. Subsequently both subjects are discussed in chapter
4. Finally conclusions drawn from our own results are presented in chapter
5.
4
1 Theory
1.1 Chromatin dynamics
Figure 1: Visualization of the stepwise unwrap-
ping of the chromatin fiber proposed by Meng
et al.[4].
The physical parameters of chro-
matin fibers can be extracted from
their force extension (FE) data.
The model used for this was pro-
posed by Meng et al.[4]. This model
describes the unfolding of the chro-
matin fiber as a step wise process
and is visualized in figure 1. Each
step increases the extension of the
molecule and changes its free en-
ergy. The change in energy is de-
noted by ∆Gn and depends on the
buffer conditions and nucleosome
repeat length (NRL)[4]. For a chro-
matin fiber the first transition, ∆G1, involves unstacking of the nucleosome
and simultaneous unwrapping of the outer turn of DNA from the histone
octamer. The molecule extends by the linker length plus 56 base pairs(bp)
per nucleosome. In the second transition, ∆G2, the inner turn is partially
unwrapped and the DNA is extended by 5.5 nm. The final transition, ∆G3,
involves irreversible, complete unwrapping of the DNA from the histone oc-
tamer. The extension of the DNA now equals its contour length. Each
conformation of the nucleosome, except for the folded fiber, is modelled by
a WLC with the contour length equal to the unwrapped DNA. The fiber
itself, consisting of stacked nucleosome, is modelled by a Hookean spring.
Using statistical mechanics the mean extension of the fiber as a function of
force is computed by
< ztot >=
∑
states ztot(f)D(state)10−((Gtot−fztot)/kbT )∑
statesD(state)10−((Gtot−fztot)/kbT )
(1)
with < ztot > the mean extension of the fiber, f the applied force, D(state) a
degeneracy factor, Gtot the total free energy for the state, kb the Boltzmann
factor,T the temperature and ztot the sum of the force dependent extensions
of each nucleosome in the fiber. The model described above is used for
fitting to the FE data in the results.
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1.2 Fluid mechanics
The tethers measured in magnetic tweezers (MT) experiments are immersed
in an aqueous buffer that fills the microfluidic channel. The buffer conditions
can be changed by flushing in a new buffer which results in a drag force on
each tether. The velocity of the fluid in the channel and the type of flow
around the bead are important to estimate this drag force.
We assume only one dimensional flow is present in the direction of the inlet
to the outlet and that the flow in the channel is laminar[15]. The velocity
of the fluid now depends only on the distance to the glass cover slips with
the maximum velocity in the middle. The velocity profile is given by[15]
v(z) = 4vmax
z
h
(
1− z
h
)
where vmax =
3Q
2wh (2)
with v(z) the flow velocity, z the distance to the glass cover slip, h the height
of the channel and vmax the maximum flow velocity computed with w the
width of the microfluidic channel and Q the volumetric flow rate equal to
3.110−10m3/s.
The type of flow around the bead is determined by the Reynolds number and
can be either laminar or turbulent. The Reynolds number is a dimensionless
quantity and is given by
Re = vxDH
ν
(3)
with Re the Reynolds number, vx the flow velocity = 3.110−10m3/s, ν the
kinematic viscosity = 10−6m2/s for water and DH the hydraulic diameter
equal to diameter of the bead[16] = 2.8 µm.
For low values of the Reynolds number, i.e Re ≤ 1.0, the flow around the
bead is considered to be laminar and the drag force can be computed by
Stokes’ law of friction[16][17][15]:
fd = 3piµRv(z) (4)
with fd the drag force on the sphere, µ the dynamic viscosity of water =
1.00210−3 Pa s, R the diameter of the sphere = 5.610−6µm and v(z) the flow
velocity calculated from equation 2 with a distance z from the glass cover
slip.
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1.3 Diffusion theory
Diffusion through a permeable membrane is calculated using Fick’s first law
of diffusion. It is given by
J = −D∆C∆X where J =
N
At
(5)
with D the diffusion coefficient, ∆C the concentration gradient, ∆X the
membrane thickness and J the diffusion flux with N the amount of diffused
particles, A is the surface of the membrane and t the time.
The diffusion coefficient of spherical particle in a fluid with low Reynolds
number can be calculated by the Stokes-Einstein relation:
D = kbT3piµR (6)
with D the diffusion coefficient, kb the Boltzmann constant, T the temper-
ature = 294.15 K, µ the dynamic viscosity of water = 1.00210−3 Pa s and
R the diameter of the spherical particle.
1.4 Unzipping model
Figure 2: A schematic representation of the un-
zipping of a DNA molecule. Figure adapted
from ref [13].
The unzipping of a DNA molecule
is schematically shown in figure 2.
The molecule contains both double
stranded (ds) and single stranded
(ss) DNA. Two separate models,
the Worm Like Chain (WLC) and
Freely Jointed Chain (FJC), are
used in literature to accurately fit
the force extension data of dsDNA
and ssDNA.
The Freely Jointed Chain (FJC) model describes the ssDNA as if made
of rigid rods with flexible hinges, whose orientation is determined by the
Boltzmann distribution and is independent of other rods[18][19]. It is widely
used to fit FE data of ssDNA[18][20][19]. The FJC model is given by
z(f) = nsslss
(
coth
(
flss
kbT
)
− kbT
flss
)
(7)
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with f the force applied by the magnet on the tether, nss the number of
bases in the ssDNA, lss the length per base for ssDNA, Kb the Boltzmann
constant and T the temperature.
The WLC model[21][22] treats the DNA as a long flexible rod whose curva-
ture depends on thermal fluctuations. The stiffness of the rod is determined
by its persistence length. It can be used to accurately fit the FE data of
dsDNA[19] and ssDNA[23]. The WLC model is given by:
z(f) = nl
(
1− 0.5
(
kbT
fP
)
+ f
S
)
(8)
with f the force applied by the magnet on the tether, n is the number of
bases, l the length per base, Kb the Boltzmann constant, T the tempera-
ture, P the persistence length and S the stretching modulus. The persis-
tence length depends on the concentration of positive(both monovalent and
divalent) ions in the buffer. Positive ions shield the repulsive force of the
phosphate groups in DNA resulting in a lower persistence length. The last
term, f/S, accounts for the elasticity of the DNA molecule evident at higher
force[19].
For the unzipping experiments the extension is determined by the sum of
a dsDNA part and a ssDNA part. Whereas the dsDNA part can be well
described by a WLC, for the ssDNA we tested both the FJC and the WLC.
The WLC-FJC model is formed by adding the FJC to WLC and is given by
z(f, nss) = ndslds
(
1− 0.5
(
kbT
fPds
)
+ f
S
)
+ nsslss
(
coth
(
flss
kbT
)
− kbT
flss
) (9)
The Double WLC (DWLC) model is formed by adding two WLC models.
The second WLC will describe the ssDNA and does not include the stretch-
ing term f/S[23]. The DWLC model is given by
z(f, nss) = ndslds
(
1− 0.5
(
kbT
fPds
)
+ f
S
)
+ nsslss
(
1− 0.5
(
kbT
fPss
)) (10)
Both composite models will be fitted to the FE data by the least square
method with nss being the fit parameter. In both equation nds = 2000
bases, lds = 0.34 nm/base, Pds = 50 nm[24], S = 1000 pN[19], lss = 0.69
nm/base[23] and T = 294 K.
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1.4.1 Magnet position correction
In MT the force on the tether increases as the magnet approaches the bead.
The relation between the force and magnet position can be captured in a
double exponential decay[25] given by
f(x) = fmax
(
0.7
(−x+ z0
L1
)
+ 0.3
(−x+ z0
L2
))
(11)
with f the force on the tether, x the magnet position, fmax the maximum
force on the tether and L1/L2 characteristic decay lengths for the magnets
used. Our values are L1 = 1.45 mm and L2 = 0.8 mm. Having calibrated
this dependence once we can directly convert magnet height to applied force.
However, the modified designs of the flow cells changed the position of the
top cover slip to which the tethers anchor. z0 was adjusted to correct for
this change in position.
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2 Materials and Methods
2.1 Magnetic tweezers
Home built magnetic tweezers (MT) as been described by Kruithof et al.[5]
have been used in our experiments. The software is upgraded by T.Brouwer(work
in progress). It supports imaging and tacking of multiple beads in a single
field of view. Chromatin fibers were attached to the glass surface through
a Digoxigenin (DIG) Anti-DIG bond. The other end of the chromatin fiber
was tethered to a paramagnetic bead of 2.8µm diameter. The force on the
bead was controlled by moving the magnets over a distance of 0 to 10 mm.
Forces were calculated from the magnet position by equation 11.
2.2 Flow cells
Flow cells hold the sample during MT experiments. Flow cells made from
polydimethylsiloxaan (PDMS) are the standard flow cell used in the re-
search group. During this research new flow cell prototypes, made from
poly(ethylene glycol)diacrylate (PEG-DA) and parafilm ,were developed.
The basic fabrication method and schematic overview for each of these flow
cells is presented below. All cover slips used were sonificated in isopropanol
for 30 minutes. The top cover slips used in fabrication of PDMS and parafilm
flow cells were coated in 1% nitrocellulose in amylacetaat.
2.2.1 PDMS
Polydimethylsiloxaan(PDMS) is a silicon-based organic polymer that is used
in the construction of microfluidic devices[8][26][27] such as flow cells. We
used the Dow Corning Sylgard Elastomer kit which comes in two parts: a
base which consists of both siloxane oligomers (1) and siloxane cross-linker
(2) and a platinum based curing agent. The elastomer is formed by adding
the curing agent to the base. The chemical formula’s and reaction scheme
is shown in figure 3(a). The platinum based curing agent catalyzes the
hydrosilation of the double bonds on (1), forming Si-CH2-CH2-Si linkages
between (1) and (2)[28]. Increased temperature reduces curing time[29].
Figure 3(b) shows a schematic of the cross-section of a PDMS flow cells. The
basis is formed by an aluminium mold in which a cover slip is placed. A thin
layer of PDMS is cast on top and cured. A microfluidic chamber of 50 mm
x 10 mm x 0.3 mm (LxWxH) is either molded in or cut out from the PDMS
layer after which the top cover slip is placed and secured by the vacuum
between PDMS and the cover slip. The inlet and outlet are constructed
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Figure 3: PDMS is a silicon containing polymer that can be used for the fabrication of flow cells.
These flow cells are used in te MT setup. (a) Chemical composition of the (1) PDMS polymer
and (2) the curing agent. Under the influence of heat it forms a bio compatible elastomer. (b)
Schematic overview of the PDMS flow cell with its components. The lens is not attached to the
flow cell, but merely displays its position when the flow cell is placed in the MT setup. (c) Picture
of a PDMS flow cell aluminium mold. The red square depicts the actual flow cell position with
the yellow lines representing the inlet tubing. The green arrow indicates the area that will be
filled with PDMS
from plastic tubing with an inner diameter of 0.02 inch. Figure 3(c) shows
a clean aluminium mold from the bottom. The green arrow indicates the
area filled with PDMS, the yellow lines show the position of the tubing and
the red outline shows the position of the microfluidic chamber.
2.2.2 PEG-DA
Poly(ethylene glycol)diacrylate (PEG-DA) is a long chain monomer that
forms a hydrogel in the presence of a photo initiator and UV light. The
hydrogel is bio compatible and can be used in bio sensors[30], for various
biomedical applications like drug delivery[31][32] and for the construction of
microfluidic devices[9][33][34][11]. The chemical formula and polymerization
reaction is shown in figure 4(a). Under the influence of UV light a free
radical, in this case a methyl radical, is generated in the photo initiator.
The methyl radical induces a chemical change in the PEG-DA molecule
starting the cross link between three PEG-DA molecules. Properties of
the hydrogel depend on photo initiator concentration and molecular weight
of the PEG-DA molecules[35][33]. The molecular weight of the PEG-DA
molecule depends on the number(n) of repeats of the ethylene glycol group.
(In between square brackets in figure 3(a)).
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Figure 4: PEG-DA is a hydrogel that can be used for the fabrication of flow cells. (a) The
chemical reaction of Poly(ethylene glycol)diacrylate (PEG-DA). Free radicals are released by the
photo initiator under the influence of UV light. The free radicals induce a chemical change binding
the PEG-DA molecules together. The red arrows show the location of formation and breakage
of a covalent bond. (b) Schematic overview of the initial aluminium mold which was originally
designed for PDMS but now used to gain some experience with PEG-DA. Yellow lines indicated
tubing. Red chambers will be filled up with PEG-DA. The lower cover slip (green outline) and
top cover slip (blue outline) are placed on top of each other end PEG-DA is flown between them
by capillary force. (C) The blue outline shows the top cover slip. The black square is made
of electrical tape and will prevent curing of the PEG-DA underneath by UV light. The space
occupied by the uncured PEG-DA will form the actual flow cell.
Figure 4(b) shows the aluminium mold for a PEG-DA version 1 flow cell.
The colors schematically show the different components of the flow cell.
The tubing for the inlet and outlet is indicated in yellow. The red squares
are sunken into the aluminium and form the chambers to be filled up with
PEG-DA. The green square indicates the lower cover slip and the blue square
indicates the position of the top cover slip. The microfluidic channel is posi-
tioned between the two cover slips. Figure 4(c) shows the same aluminium
mold. The top cover slip is now placed on top of the mold and encircled by
the blue line. The black square was cut by hand from electrical tape and
placed on the top cover slip. When the flow cell is placed in UV light the
black tape prevents the PEG-DA between the cover slips from curing. Un-
cured PEG-DA is subsequently flushed out, leaving a microfluidic channel.
The approximate size of the microfluidic channel was 40 mm x 15 mm with
an estimated thickness between 0.5 and 2 mm.
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Figure 5: Schematic overview of a PEG-DA
version 2 flow cell. From bottom to top: Alu-
minum mold (grey). Lower cover slip (yellow).
Fish wire (red). Top cover slip (green). Top
glass (blue). Plexiglass mold (dark grey).
A schematic overview of the PEG-
DA version 2 flow cell is shown in
figure 5. The most important cri-
teria for this improved design were
to reduce the PEG-DA volume and
to have a consistent thickness of
the microfluidic channel. The alu-
minium mold, lower cover glass and
top cover slip were incubated in a
0.5% solution of 3-(trimethoxysilyl)
propylmethacrylate in isopropanol
(TMS) for 1 hour, rinsed succes-
sively with isopropanol and Milli-Q,
and dried with nitrogen gas. The
flow cell is assembled by placing the
lower cover slip (yellow) in the aluminium mold. Subsequently fish wires
with a diameter specified in table 2 were pulled over the lower cover slip
from the inlet to the outlet. The mold was designed for fish wire with a
diameter of 0.45 mm, which acts as a spacer between the cover slips. This
assures a consistent thickness of the flow cell. The top cover slip(green) is
laid over the fish wire and positioned to fall in the cut-out of the mold. The
top glass (blue), which is only used for fabrication, is placed over the top
cover slip in the cut out after which the plexiglass top is pressed on and
secured with four screws. A mask made from electrical tape with size 10
mm x 40 mm is placed on the top glass in the same way as in version 1
on the top cover slip. The PEG-DA mixture was flown in through one of
the inlets after which the flow cell was cured (curing times in table 2). The
fish wires were pulled out, the screws were unbolted and the top glass(blue)
removed. The non-polymerized PEG-DA was washed out with Milli-Q di-
rectly afterwards. This way, a microfluidic channel of 30 mm x 10 mm x
0.45 mm was fabricated.
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2.2.3 Parafilm
Figure 6: Schematic overview of a parafilm
flow cell. From bottom to top: Aluminum
mold (grey). Lower cover slip (yellow). First
parafilm gasket (red). Second parafilm gasket
(blue). Top cover slip (green).
Figure 6 gives a schematic overview
of the parafilm flow cell. The flow
cell is assembled by placing the
lower cover slip (yellow) in the mold
(grey). The two parafilm gaskets
(blue, red) are stacked on top of
the lower cover glass. The top
cover slip (green) is aligned with the
cut out in the aluminium mold and
should perfectly align horizontally
when pushed in. The glasses and
parafilm gaskets were fused together
by placing the mold on heating plate
of 80◦C. The microfluidic channel has dimensions 32 mm x 10 mm x 0.2
mm. Tubing is inserted in the other side of the mold and aligns with the
inlets and outlets (black dots).
2.3 Membrane fabrication
Figure 7: A picture of the mask used to create
the permeable membranes in flow cells.
Membranes that allow diffusion of
small molecules between flow chan-
nels were fabricated in each type of
flow cell. The microfluidic chan-
nel was first rinsed with Milli-Q wa-
ter. Subsequently the desired PEG-
DA mixture was flown in. A mask
shown in figure 7 was placed on top
of the aluminium mold. The flow
cell was then placed on a UV light with the mask facing the lamp for the
desired curing time. The uncured PEG-DA was washed out immediately
with Milli-Q water.
2.4 Flow cell preparation
After fabrication the microfluidic channel was prepared for measurement
by the following steps. It was flushed with Milli-Q to check for leaks after
which a solution of 0.0083µg/µl Anti-DIG was flushed in. The Anti-DIG
provides a handle for the DNA, which has a DIG attached to the end of one
of its strands, through which it can attach to the glass[18]. After at least 1
hour incubation a solution of 4% bovine serum albumin (BSA) was flushed
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in. BSA covers the remaining open area of the glass and prevent unwanted
interaction between the tether and the glass. After at least another 1 hour
incubation the flow cell was flushed with the measurement buffer. It is now
ready to flush in the sample.
2.5 Buffers
The high salt buffer consists of 100 mM KCl, 2mM MgCl2, 10 mM HEPES
(PH 7.2), 10 mM NaN3, 0.2% BSA and 0.1% Tween 20. The low salt buffer
consists of 10 mM HEPES (PH 7.2), 0.1 mM EDTA
2.6 DNA substrates
2.6.1 Chromatin fibers
A 167x30 chromatin fiber containing 30 nucleosomes connected by 20 base
pairs (bp) of linker DNA was made by A.Kaczmarzyk and C.Pham. The
contour length is 7040 bp. It consists of two 1015 bp handles and 30 times a
high affinity Widom 601 tandem repeat[36] with a nucleosome repeat length
(NRL) of 167 bp. A 172X12 chromatin fiber containing 12 nucleosomes
connected by 15 bp of linker DNA was made by M.Bottas, T.Brouwer and
C.Pham. The contour length is 4092 bp and contains 12 times a high affinity
Widom 601 tandem repeat[36] with a NRL of 172 base pairs which is placed
near the center of the DNA. Nucleosomes were reconstituted on the DNA
by salt dialysis[37][38].
2.6.2 Unzipping molecule
TCGG-100bp-GTCGAC
-100bp-
Adapter
Dig-2kb-
End Hairpin
CCGA-2kb
2 kbp PCR
Biotin hairpin
TCGG--
TT
T
T T
TCGGGTCGACTCTAG-3kb-CCGA-3kb
3 kbp unzipping segment
T T
T-
TT
CTAGAGTCGACCCGA-
-
Surface
Bead
(a) (b)
Figure 8: Overview of the unzipping molecule. (a)
Overview and ligation scheme of the DNA segments in
the unzipping molecule. DNA overhangs in bold and
with the same color were ligated together. (b) Exper-
imental configuration of the unzipping molecule. The
colors match with the DNA segments in (a)
A schematic overview of the
DNA segments in the unzip-
ping molecule is given in fig-
ure 8(a). The 2000 base pair
anchoring segment was pre-
pared by PCR from a plas-
mid using two primers of
which one was digoxigenin
labeled. The product was
then digested in PCR buffer
by restriction enzyme AvaI
at 37◦C to create a ligatable
overhang. The two adapter oligo’s were mixed in a 1:1 ratio and annealed
by slowly cooling down from 65◦C. The 3000 base pair unzipping segment
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was made by digesting the plasmid pBlue-AvaI (N.Hermans) and restricted
with AvaI.
The unzipping molecule was assembled in 3 steps. First the 2 kbp PCR
product was ligated to the adapter with a 1:2 concentration ratio. At the
same time the 3kb unzipping segment was ligated to the biotin hairpin with
a 1:2 concentration ratio. For this the upper strand of the 3kbp unzipping
segment was displaced but still attached (shown in green in figure 8(a)).
Both were ligated by T7 ligase[NEB] according to manufactures specifica-
tions. The second step ligated the end hairpin to the 3kbp-Biotin hairpin
in a 2:1 concentration ratio at manufactures specification. Finally the dis-
placed strand on the 3kbp unzipping molecule was ligated to the end of the
adapter by T7 ligase at manufactures specifications in a 1:1 ratio (blue).
After completion the molecule was stored at 4◦C. The bead was attached
prior to measurements. The complete unzipping molecule is shown in figure
8(b) in which the colors match with the colors of the DNA segments in figure
8(a).
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3 Results
3.1 Magnetic tweezer experiments in low salt conditions
The histone octamer and DNA interact by numerous electrostatic and hy-
drogen bonds[39][21]. It is therefore thought that low salt conditions lead to
an increase in bonding strength (∆G) between the DNA and the histone oc-
tamer. As a result a higher and more distinct force is needed to unwrap the
DNA from the histone octamer for each transition which makes it possible
to visualize unstacking of the nucleosomes and unwrapping of the outer turn
of DNA from the histone octamer separately[7]. Here we performed mea-
surements in which we initially measured in high salt buffer. Subsequently
we flushed in low salt buffer to investigate the result of low salt conditions
on force extension (FE) curves.
Figure 9 shows the FE curves for 2 tethers which are attached to a DNA
strand containing 30 times a Widom 601 sequence[36] with a nucleosome
repeat length of 167 base pairs. The green data is measured in high salt
conditions. A fit of the model by Meng et al.[4] with 22 fully wrapped
nucleosomes and ∆G1 = 21 kbT shows good agreement with the data. This
suggests both fibers contain 22 fully wrapped nucleosomes. Subsequently
the buffer is changed from high to low salt by direct injection into the flow
cell with a peristaltic pump at a speed of 0.3 µl/s. The first pull in low
salt conditions is shown in red. A dramatic decrease in the force plateau is
visible indicating no stacked nucleosomes are present. The same FE data
is obtained in the low force regime for a second pull shown in blue. In the
high force regime a step finder algorithm was used to identify the number
of steps and their step size. The steps represent the unwrapping of the last
turn of DNA from the histone core. For (a) 12 steps with a median step
size of 19.5 nm were identified above 8 pN showing that histones were still
present on the DNA. For (b) no such steps were found due to the noise in
the data.
The folding mechanism of chromatin fibers is known to be different for dif-
ferent nucleosome repeat lengths (NRL)[4]. This influences the shape of
the folded fiber and could influence the behavior in different salt conditions.
Therefore, a chromatin fiber containing 12 times a Widom 601 sequence[36]
with a NRL of 172 base pairs was measured in both high and low buffer
conditions. Figure 10(a) shows the FE curve of a 172x12 chromatin fiber in
high salt buffer. The model by Meng et al.[4] with 9 fully wrapped nucleo-
somes, 3 outer turn unwrapped nucleosomes and ∆G1 = 17 kbT is fitted to
the data with good agreement. Above 8 pN, 9 steps with a median of 26.7
nm were found. This shows that good fibers are present in the sample.
Figure 10(b), (c) and (d) shows the FE curves for 3 tethers in high and
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Figure 9: Two 167x30 chromatin fibers exhibit a shift towards a more extended structure in low salt conditions. The black line
represents the WLC model with a total length of 7040 base pairs with 22 fully wrapped nucleosomes. The dashed gray lines
represent theoretical FE curves with from right to left 0, 10, 20 and 30 fully wrapped nucleosomes. The green dots show FE
data of a 167x30 fiber in high salt buffer when pulled on until 8 pN. Subsequently, the buffer was changed from high salt to
low salt by flowing 250 µl low salt buffer at a speed of 0.3 µl/s. The blue curve and red curve show pulling on the fiber in the
low salt buffer.
low salt. The FE data in high salt buffer is shown in green. It does not
fit the model of Meng et al.[4] with 12 fully wrapped nucleosomes and ∆G1
= 17 kbT as is expected for the 172x12 construct (M.Bottas). For (c) and
(d) however a small force plateau is visible indicating the presence of some
nucleosomes on the DNA. Subsequently low salt buffer was flown into the
channel by direct injection with a peristaltic pump at a speed of 0.3 µl/s.
The red and dark red curves show the FE data in low salt but for none of
the tethers significant extension is visible. The buffer was restored back to
high salt in the same manner to check if the extension could be restored.
For all three tethers the light blue (low force, 1st pull) and dark blue (high
force, 2nd pull) do show extension. For none of the tethers a force plateau is
visible and no distinct steps can be distinguished in the higher force region.
This indicates no nucleosomes are present on the DNA anymore.
From both figures 10 and 9 it is clear that the transition of the buffer from
high to low salt induces great structural changes in the chromatin fiber and
disassembly of nucleosomes, inhibiting chromatin folding. These structural
changes do not comply with the increased resolution of the FE curves mea-
sured in low salt as measured before by Li et al.[7]. The main experimental
difference is the flushing from high salt to low salt buffer instead of starting
in low salt buffer. This flushing induces a drag force on the tether. Re-
peated stretching of a chromatin fiber is know to lead to dissociation of the
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Figure 10: 172x12 chromatin fibers do not show extension in low salt buffer. After replenishment of salt by flushing high
salt buffer, no higher order structure seems to be present as no force plateau is visible. (a) A 172x12 chromatin fibers were
measured to check whether good fibers were present in the sample. The red data show the presence of nucleosomes as the inner
wrap unwinding can be seen from the steps between 15 and 35 pN. (b),(c) and (d) The green data represents fibers in high salt
buffer while being pulled up to 8 pN. for (b) no force plateau is visible thus the fiber contains only a few or no nucleosomes.
The buffer is changed to low salt buffer by flowing 500 µl with a flow rate of 0.3 µl/s. The red and dark red curve show pulling
up to 8 and 35 pN. For all tethers extension is close to zero. The same procedure is repeated to reflush high salt buffer in.
When pulled up to 8 pN (blue) and 35 pN (dark blue) none of the tethers seem to have a higher order structure as no force
plateau can be seen.
H2A-H2B dimer at forces below 4 pN[6] and drag force is thought to have
the same effect as repeated pulling[6]. Drag forces above 8 pN could unwrap
the inner turn leading to complete dissociation of the nucleosome. The drag
force on a tether induced by flushing of the buffer is investigated below.
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The Reynolds number and drag force on the bead are calculated for both
the 167x30 and 172x12 chromatin fiber. The 167x30 chromatin fiber was
measured in a PDMS flow cell with a microfluidic channel of height 0.3 mm
and width of 10 mm. From figure 9 the folded 167x30 chromatin fiber was
estimated to be 1.0 µm long. The bead, with a radius of 1.4 µm, was thus
estimated to be 2.4 µm above the glass cover slip. The flow velocity was
calculated to be 4.9 10−6 m/s from equation 2 and the Reynolds number was
calculated to be 1.4 10−5 from equation 3. From equation 4 the drag force
was computed to be 0.13 pN. The 172x12 chromatin fiber was measured in a
parafilm flow cell with a microfluidic channel of height 0.2 mm and width of
14 mm. From figure 10(a) the folded 172x12 chromatin fiber was estimated
to be 0.6 µm long. The bead, with a radius of 1.4 µm, was thus estimated to
be 2.0 µm above the glass cover slip. The flow velocity was calculated to be
6.5 10−6 m/s from equation 2 and the Reynolds number was calculated to
be 1.8 10−5 from equation 3. From equation 4 the drag force was computed
to be 0.17 pN.
The computed drag forces are to low to induce structural changes in chro-
matin fibers. However, the equation to calculate the velocity profile can
only be used for fully developed laminar flows inside the flow cell. As the
shortest way with the least resistance for the fluid is to flow from the inlet
tube directly to the outlet tube through the middle of the flow cell, fully
developed laminar flow cannot be guaranteed. The force applied by the MT
and other corrections such as Fixen’s law were also not included in the cal-
culation[15]. Furthermore the nucleosome is known to undergo spontaneous,
reversible unwrapping of the outer turn of DNA[3]. The DNA may stay in
the unwrapped stated if a drag force is applied. This could result in the loss
of H2A-H2B dimers from the histone octamer. The drag force may thus still
influence our MT measurements.
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3.2 Flow cells with permeable membranes
The drag force on the tether could be completely eliminated if the salt con-
centration was changed by diffusion rather than flow. This could be achieved
with a flow cell in which the microfluidic middle channel is separated from
two outer channels by a permeable membrane made from poly(ethylene gly-
col) diacrylate (PEG-DA)[10]. The desired buffer is flown through the two
outer channels and by diffusion the ionic strength in the central channel
is adjusted. The following sections report on the design and fabrication of
different types of flow cells with permeable membranes.
3.2.1 PDMS flow cells
Figure 11: Finished PDMS flow cells. The red
square depicts the actual flow cell. (a) A single
lane flow cell. Air is trapped inside, although
hardly visible due to transparency. The air pre-
vents fabrication of permeable membranes. (b)
A triple lane PDMS flow cell. This prototype
was tested for viability. However due to a dif-
ficult manufacturing process and not being air-
tight, it was not seen as a viable option. (c)
Single lane PDMS flow cell with a permeable
membrane made inside. The yellow bars indicate
the position of the membrane. Blue fluid can be
seen to flow between to flow past the edges of the
membrane into the outer lane indicating no good
adherence between the PEG-DA membrane and
PDMS flow cell.
PDMS flow cells are the default
measurement device for our mag-
netic tweezers (MT) setup. A
frequently occurring problem con-
sists of air bubbles entering the
flow chamber whilst flushing in liq-
uids. Figure 11(a) shows a single
lane PDMS flow cell which has air
trapped inside. For typical FE ex-
periments the air does not pose a se-
rious problem. For construction of
the permeable membranes however,
the air bubbles prevent PEG-DA of
filling the space which creates a hole
in the membrane when cured.
Two causes were identified for the
inflow of air. The PDMS mem-
branes were not always completely
flat and air could pass through be-
tween the PDMS and top cover
glass. Also the connection between
the tubing and PDMS was not al-
ways air tight. For a flow cell with
3 inlet’s and 3 outlet’s and a larger
flow channel, as displayed in 11(b),
these problems inhibit efficient flow
cell production.
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Membranes were constructed in PDMS flow cells with no air inside. A flow
cell was filled with PEG-DA 575 30% v/v mixed with Milli-Q and cured
10 seconds with UV light through a mask with two narrow slits. A flow
cell is shown in figure 11(c) in which the green lines indicate the position of
the membrane. After construction a solution containing the dye Coomassie
Brilliant Blue (CBB) was flown into the middle lane. Figure 11(c) shows the
dye leaking from the middle lane to the outer lanes. Also, the membranes
leaked at the connection between PDMS and PEG-DA and between PEG-
DA and the cover slips.
Multiple solutions were tried to prevent leaking and connect the PDMS to
the PEG-DA membrane. Incubating the glass and PDMS in 0.5% solu-
tion of 3-(trimethoxysilyl) propylmethacrylate in isopropanol (TMS) better
adhered the glass to PEG-DA[10][11] which reduced leaking.
No improvement between the PDMS and PEG-DA interconnection was
made. We speculate that the reason is that PDMS is a gas permeable poly-
mer after curing[40][27]. The free radicals induced by the photo initiator
in the polymerization reaction have a higher affinity to react with oxygen
than with PEG-DA molecules[41]. The presence of oxygen could thus leave
the PEG-DA molecules near the PDMS uncured. Introducing more photo
initiator to the mixture and coating the PDMS in photo initiator, such that
more free radicals are available for reaction, also did not work. Finally re-
moval of all oxygen inside the PDMS by oxygen plasma[42] was tried but
proved to be unsuccessful.
3.2.2 PEG-DA V1 flow cell
The idea of creating a new flow cell completely constructed from PEG-DA
seemed a logical step. PEG-DA was found to bind to glass treated with TMS
well, thus preventing air leaks. Furthermore PEG-DA cured in multiple steps
had been shown to still form tight bonds in between layers[9]. This seemed
promising for connecting the membrane with the flow cell.
An old aluminium mold designed for PDMS was used to test full PEG-DA
flow cells. Table 1 displays the fabrication parameters for each full PEG-DA
flow cell made. Figure 12(a) shows finished batch 1 PEG-DA 575 30% v/v
Milli-Q flow cell. Approximately 1 hour after flushing in water, the PEG-
DA ruptured. The flow cell was completely destroyed as figure 12(b) shows.
The rupture was thought to be a result of evaporation of the water in the
PEG-DA mixture causing it to shrink. To test this hypothesis a flow cell
was laid in a bath of water as seen in figure 12(c). It was placed upside down
to ensure complete submersion. Figure 12(d) shows a control flow cell that
was not submerged. Both flow cells broke within a period of one hour. The
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Batch FC PEGDA Ratio v/v Cure TMS Layer 1 GG Layer 2 Layer 3 Duplicates Leak Broken Success
1 S 575 50:1 30 10 0.5 G 2 * 500 X 500 2 * 500 5 1 4 0%
2 S 258 100:1 100 10 0.5 G 2 * 500 X 500 2 * 500 7 4 0 43%
3 S 258 100:1 80 10 0.5 G 2 * 500 X 500 2 * 500 1 0 1 0%
4 T 258 100:1 100 10 0.5 G 2 * 500 X 500 2 * 500 1 1 0 0%
5 S 258 100:1 100 10 2.0 G+A 2 * 500 100 500 2 * 500 1 1 0 0%
6 T 258 100:1 100 10 2.0 G+A 0 100 8 * 100 0 1 0 1 0%
7 S 258 100:1 100 20 0.5 G+A 3 * 100 100 8 * 100 2 * 500 2 0 0 100%
8 T 258 100:1 100 20 0.5 G+A 3 * 100 100 8 * 100 2 * 500 12 3 7 17%
Table 1: PEGDA V1 flow cells and their fabrication properties. The first column shows the batch of flow cells made. FC tells
whether the flow cell was single (S) or triple (T). PEGDA tells the polymer length of the PEGDA molecules used for fabrication.
The PEGDA to Photo initiator ratio is depicted under Ratio. If the PEGDA was diluted with Milli-Q, the percentage PEGDA
can be found in the v/v column. TMS depicts both the concentration 3-(trimethoxysilyl)propyl methacrylate (TMS) in
isopropanol in percentage as well as whether both glasses (G) and the aluminium mold (A) were incubated. Layer 1 shows
the number of layers and its volume of PEGDA cured in the chamber before placement of the lower glass. GG tells whether
the glass was glued with PEGDA to the aluminium mold and if so with what volume. Layer 2 depicts the number of layers
and their amount after the lower glass but before the top glass has been placed. Layer 3 tells the amount of layers and their
volumes used to adhere the top glass to the flow cell after placement. The second part shows the number of duplicates of each
flow cell that were produced, the amount that was leaking but had no broken glasses and finally the number of broken flow
cells which indicates either one or both of the glasses broke. Success denotes the overall success factor for each batch.
membranes leaked at the interconnection between PDMS and PEG-DA and
between PEG-DA and the cover slips. PEG-DA 575 30% is found not to be
stable in water nor air. a
Figure 12: PEG-DA 575 30% is not a usable material to construct flow cells as it tends to rupture
within 1 hour. (a) A finished single lane PEG-DA 575 30% flow cell. (b) Approximately 1 hour
after completion the flow cell breaks and cannot be used anymore. (c) A PEG-DA 575 30% flow
cell in water to test whether evaporation of water in the PEG-DA mixture could be the problem.
(d) A PEG-DA 575 30% flow cell that lays in air. It was constructed in exactly the same way as
(c) to serve as control.
PEG-DA 258 was found to be stable in water[35][33] and was used for sub-
sequent construction of the flow cells. The shorter polymer chains exhibit
higher stability in water but also caused volume shrinkage and heat produc-
tion when cross linked[43]. This caused the PEG-DA in the two chambers to
deform and crack with leakage between the aluminium mold and PEG-DA
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as a result. In figure 15(a) the leakage is visualized by flowing in Coomassie
Brilliant Blue (CBB) dye.
Three solutions were tried. First, the PEG-DA 258 was mixed with a small
amount of water to decrease heat production and thus deformation, however
PEG-DA 258 was found not to mix with water. Second, not only the cover
slips but also the aluminium mold was coated in TMS to bind the PEG-DA
to the metal[43]. This resulted in better bonding between the aluminium
and PEG-DA. The cover slips broke however. Finally, the chambers were
filled and cured with multiples of 100 µL for layer 1 and 2. Figure 13(b)
shows a flow cell with finished layer 1 and 2 just before the top cover glass
will be placed. No cracks are visible in the PEG-DA. In (d) a completely
finished flow cell is displayed. The usage of smaller volumes results in less
shrinkage and deformation of the PEG-DA.
Figure 13: Finished PEG-DA 258 flow cells. The red square depicts the actual flow cell. (a) As
the PEG-DA contracts when it is cured under UV light, cracks start to form in the large chambers
and air can penetrate underneath causing the flow cell to leak. (b) A solution to the problem is
found by inserting thin layers (100µl) in the chambers and curing in between. Shown in the figure
is a triple lane flow cell just before the top glass is placed. No cracks are visible. (c) Finished
triple lane flow cell with no cracks. It was found to be completely air tight. (d) Single lane flow
cell with membrane that is not leaking. (e) Single lane flow cell with membrane that is leaking
along the edges. (f) A membrane was constructed in the triple lane flow cell (c). On the dark
surface the blank membranes can clearly be seen.
Membranes were fabricated in flow cells, as shown in Figure 13(f), to test
whether the membrane and flow cell would connect at the PEG-DA inter-
24
connection. Figure 13(c) shows a flow cell with the membrane PEG-DA and
flow cell PEG-DA connected and no leakage of the CBB dye is observed. In
figure 13(e) however there is no connection between the membrane and flow
cell PEG-DA in the upper lane and the upper channel is completely filled
with CBB dye. The membrane fabrication was found to be inconsistent.
The fabricated flow cells above did not have a spacer in between the lower
and top cover slip which resulted in a varying thickness of the microfluidic
channel. Thicker layers of PEG-DA need longer curing time. The varying
thickness of the microfluidic channel together with the 10 seconds curing
time could thus result in uncured segments of PEG-DA in the membrane
resulting in leakage.
Experimenting with full PEG-DA flow cells showed some important design
considerations. PEG-DA 258 needs to be used because of water stabil-
ity. The volume of PEG-DA 258 in the chambers had to be minimized for
marginal volume shrinkage and more efficient production. Finally the design
needed to ensure a consistent thickness of the microfluidic channel. With
these considerations in mind a new aluminium mold for the constructing full
PEG-DA flow cells was designed. The results of this new aluminium mold
are presented below.
3.2.3 PEG-DA V2 flow cell
A new aluminium mold for a full PEG-DA flow cell was designed with the
previously acquired knowledge. The design featured a tiny 150 µl chamber
for connection with the tubing and fish wire ensured consistent thickness
of the microfluidic chamber, equal to the fish wire diameter. The design is
shown in figure 5. In the first production batch, PEG-DA flowed between
the top cover slip and the top glass by capillary force. During curing the
two glasses annealed together. When the top glass was removed, the top
cover slip broke. To prevent PEG-DA flowing between the top glass and
top cover slip, 3 drops of 7.5µl Milli-Q were pipetted on the top cover slip
before placing the top glass. A protocol was made for consistent production
and the fabrication parameters for each flow cell can be found in table 2.
Batch 2 and 3 were made with the same fabrication parameters as batch
1. Figure 14(a) shows a batch 2 flow cell just after production. In (b) it is
shown again after being in a water bath for 4 hours thus confirming stability.
The success rate for these batches can be found in the last column of table
2. Despite the improvements in the design, the overall success rate of the
initial batches was considered to low for efficient production.
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batch FC Ratio Cure[s] Int. Dist.[cm] Wire[mm] Duplicates Leak Broken Success
1 T 100:1 90 H 2 0.45 5 0 4 20%
2 T 100:1 90 H 2 0.45 8 2 1 62.5%
3 S 100:1 90 H 2 0.45 2 1 2 0%
4 S 50:1 120 H 2 0.45 2 1 1 0%
5 S 100:1 90 H 2 0.25 2 0 2 0%
6 S 100:1 90 H 0.5 0.45 2 1 0 50%
8 T 100:1 90 H 2 0.35 4 0 3 25%
9 T 500:1 90 H 2 0.35 2 0 2 0%
10 T 1000:1 240 L 1.5 0.35 3 1 2 0%
11 T 100:1 90 H 5.5 0.45 1 0 1 0%
12 T 100:1 90 H 1.5 0.45 3 0 2 33%
13 T 100:1 90 L 1.5 0.45 5 0 5 0%
Table 2: PEGDA V2 flow cells and their fabrication properties. The first column displays the batch. The PEGDA to Photo
initiator ratio is given under Ratio. Cure gives the amount of time in seconds the flow cell was cured under UV light, while
Int gives the intensity setting of the UV light which is either high (H) or low (L). Dist. gives the distance to the UV lamp in
centimeters. The diameter in millimeter of the wire used to create the channels is given in Wire. The second part shows the
number of duplicates of each flow cell that were produced, the amount that was leaking but had no broken glasses and finally
the number of broken flow cells which indicates either one or both of the glasses broke. Success denotes the overall success
factor for each batch
Two problems were identified that caused the low success rate. Leakage
between the aluminium mold and PEG-DA around the chamber. It is indi-
cated in figure 14(c) and (d) by the red arrow. Also fracturing of the cover
slip was an issue. This could be either the bottom, the top or both cover
slips. No regular pattern or starting position for the fractures was found.
The fractures are shown by the red line in figure 14(e) and (f). The volume
shrinkage and deformation by heat of the PEG-DA was thought to be the
main cause for these problems.
Several production parameters were changed to improve the problems and
increase the success rate. Their values and results are summarized in table
2. Fish wire with a smaller diameter was used to create less tension on the
glass when the PEG-DA contracted during curing to hope prevent fracturing
of the glass. A holder for the flow cells was made to align the flow cell with
the UV-lamp after batch 5. Each flow cell would receive the same dose of
light for better comparison. The distance was between the flow cell and the
UV light was decreased to make sure the PEG-DA in the lower part of the
chamber would be cured. Lower concentrations of photo initiator and lower
intensity of the UV light were thought to cross link the PEG-DA more slowly
allowing heat to be dissipated better and thus causing less deformation and
glass fractures. No improvement in the success rate was made and the idea
of full PEG-DA flow cells was therefore abandoned.
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Figure 14: Despite the smaller volume of PEG-DA, shrinking still causes leakage around the
chamber or breakage in the glass cover slip in the V2 flow cell. (a) Displayed are the flow cell
(bottom), the top glass with the black mask (right) and the plexi glass mold (top). (b) A batch 2
flow cell that survived a 4 hour submersion in water. This confirmed that PEG-DA 258 is stable in
water and could be a viable material for constructing flow cells. (c) Batch 3 single lane cell. The
red arrow indicates the leakage in the right chamber. (d) Batch 7 triple lane cell. The red arrow
indicates the leakage in the right chamber. (d) and (f) Batch 6 and 10 single flow cell respectively.
In both cells the top cover slip broke. The break line is illustrated by the red line.
Batch PEGDA Ratio v/v[%] Cure[s] Duplicates No link Leak Success
2 258 50:1 100 15 1 0 0 100%
2 575 50:1 33 15 1 1 0 0%
3 575 50:1 33 15 1 1 0 0%
3 575 50:1 33 45 2 0 2 (60) 0%
8 400 50:1 33 15 3 1 2 0%
12 400 50:1 33 15 2 0 2 (120/150) 0%
13 400 50:1 66 45 1 1 0 0%
13 400 50:1 33 15 1 0 0 100%
Table 3: Different properties of membranes constructed in PEGDA V2 flow cells. First column shows the batch number of the
flow cells. The polymer length is shown in PEGDA. PEGDA to photo initiator ratio is shown in Ratio. Percentage PEGDA
mixed with Milli-Q is shown in v/v. Cure describes the curing time in seconds. The second part shows the number of duplicates
produced. The flow cell is listed under no link when the membrane PEG-DA did not link with the flow cell PEG-DA. The flow
cell is listed under leak when it did not fabricate correctly or when the membrane started leaking after a certain time which is
listed in minutes between brackets. Success denotes the overall success factor for each batch.
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Figure 15: Fragility of the membranes prevent
decent and consistent production. (a) Fluid is
leaking around the edges of the membrane indi-
cated by the red arrows. Represented by batch
3 in table 3 with no link. (b) Batch 3 membrane
which broke after 120 minutes when water was
flown in. The breakage is indicated by the red
arrow. (c) Batch 13 membrane which detached
from the glass two hours after water was flown
in.
Some successfully produced flow
cells discussed above had permeable
membranes constructed in them.
The different parameters used to
construct them are summarized in
table 3. The batch numbers dis-
played in table 3 correspond to
those in table 2. Initially a mem-
brane was made of pure PEG-DA
258 to test as this would greatly
simplify construction of the flow
cells. However no diffusion was ob-
served. Figure 15(a) shows a mem-
brane made with PEG-DA 575 and
cured for 15 seconds. Leakage at
the PEG-DA connections is pointed
out by the red arrows. In (b)
the PEG-DA 575 was inserted with
some force to ensure no air is left
near the interconnections and cured
for 45 seconds. This ensured good
adhesion at the PEG-DA connec-
tion. Each lane was filled with wa-
ter. After two hour Coomassie Bril-
liant Blue dye was flushed through
to test for leakage. Figure 15(b)
shows that one of the membranes
was broken (red arrow) while the
other membrane detached at the PEG-DA connection (green arrow). PEG-
DA 575 is known to swell in water[35][33] which is though to be the cause.
PEG-DA 575 was not further used for membrane construction.
New membranes were constructed from PEG-DA 400 in Milli-Q[10]. The
shorter chain length should make it less susceptible to swelling[35][33]. The
swelling ratio of PEG-DA 400 mixed with Milli-Q was tested by loading 1
ml into a petridish with 4 cm diameter and cured for either 15 or 45 seconds.
PEG-DA disks with a thickness of approximately 2 mm were created. Each
disk was weighed and put in petridish with a diameter of 6 cm filled with
Milli-Q water. After 24 hours each disk was weighed again and the swelling
ratio was calculated. The results are displayed in table 4. For 33% PEG-
DA Milli-Q ratio no swelling is observed for both 15 and 45 seconds curing
time. For membranes fabricated with 33% PEG-DA 400, cross-linking at
the PEG-DA connections yielded a higher success rate and no more broken
membranes were observed. A buffer was flown continuously through the
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middle lane. However, the membrane (purple) detached from the glass after
about two hours as shown in figure 15(c). Construction of PEG-DA 400
membranes was not a success.
v/v Cure[s] IW[mg] FW[mg] SR
33 15 989 970 -1.9%
50 15 1027 1226 19.4%
66 15 1049 1095 4.4%
33 45 888 879 -1.0%
50 45 934 990 6.0%
66 45 911 1077 18.2%
Table 4: With increasing PEG-DA to Milli-Q ratio, swelling becomes more significant. No differ-
ence was found for different curing times. Each test consisted of 1 ml PEG-DA with 100:1 photo
initiator ratio. The v/v column shows the ratio PEG-DA 400 to Milli-Q water. Cure tells the
curing time. IW is the initial weight and FW is the final weight. SR displays the swelling ratio.
A diffusion test was performed in the two flow cells of batch 12 to validate
diffusion between the channels. Two flow cells with different membrane
width were tested. In both flow cells, the upper and lower lane were loaded
with 7.5 mM Eriochrome black T. This molecule binds in a 1 to 1 ratio
with magnesium and changes color from blue to red when it binds[44]. 1 M
magnesium-acetate was flown through the middle lane. Pictures were taken
as the magnesium diffused through the membrane and the color changed in
the outer channels changed from blue to red. Figure 16 shows the flow cell
with a width of 2 mm on the left and 1 mm on the right. The red number in
the left corner shows the time in minutes after which the picture was taken.
The first picture shows both flow cells at the start of the measurement. The
second picture was taken when the first red was seen on the other side of
the membrane. The following pictures with their corresponding time were
taken when 1/3, 2/3 and 3/3 of one or both lanes changed to red. The
pictures and their corresponding time were used to calculate the diffusion
constant by Ficks first law of diffusion shown in equation 5. It was assumed
that the concentration in the middle lane was always equal to 1 M and that
∆C was a constant equal to 1 M. For the flow cell with a membrane width
(∆X) of 2 mm, the diffusion coefficient was found to be 1.2±0.310−7cm2/s.
The dimension of the flow channel were 30 mm x 3 mm x 0.45 mm (L x
W x H) and the flux was computed by dividing the Eriochrome Black T
concentration, i.e. 7.5 mM, by the partial volume and accompanied time.
This was done for each partial volume and for both upper and lower flow
channel. From the six acquired diffusion coefficients the mean and standard
deviations were calculated.
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Figure 16: Diffusion through the membrane is visualized by the use of the indicator Eriochrome
black T which changes from blue to red when bound to magnesium. Time is denoted in minutes
and displayed in red in the upper left corner of each flow cell. The diffusion constants were
calculated using Fick’s first law of diffusion. (a) Membrane width of 2 mm. Diffusion constants:
1.2± 0.310−7cm2/s. (b) Membrane width of 1 mm. Diffusion constant: 2.1± 0.810−7cm2/s.
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For the flow cell with a membrane width (∆X) of 1 mm the diffusion co-
efficient was found to be 2.1 ± 0.810−7cm2/s. The dimensions of the flow
channel were 30 mm x 5 mm x 0.45 mm, the flux and diffusion coefficient
were calculated in the same manner as described above. The values of the
two diffusion coefficients lie in the same order of magnitude.
Measurements were performed in a PEG-DA v2 flow cell with membranes
from PEG-DA 400 30% v/v. The sample consisted of chromatin fibers made
from 30 times a Widom 601 sequence[36] with a nucleosome repeat length
(NRL) of 167 base pairs. It was initially in low salt buffer in the middle
lane. High salt buffer is flown through the outer lanes at time zero and the
ionic strength in the middle lane is increased by diffusion. Figure 17 shows
the FE curves of two tethers. The FE data in low salt is shown in green. If
the WLC model is fitted a persistence length of 22.9 nm for (a) and 7.1 nm
for (b) is obtained. At 0 minutes a flow of high salt buffer is established in
the outer lanes and diffusion will increase the ionic strength in the middle
lane. After 30 minutes of flowing the tethers are pulled on and the FE data
is shown in red. The WLC model with a persistence length of 39.6 nm fits
the data in (a) well. For (b) a force plateau is visible that start at 6 pN.
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Figure 17: Increasing salt concentration by diffusion through a permeable membrane gives rise to the partial refolding of the
chromatin fiber. Two tethers are displayed in (a) and (b). All tethers were held up by a force of 0.4 pN throughout the
measurement to prevent sticking to the glass cover slip. The initial measurement, shown by the green circles, was done in
low salt buffer. No force plateau is visible in the range of 0.4 - 8 pN. Either no nucleosomes are present or a higher force is
required. Addition of Mg2+ and K+ began after this first measurement at 0 minutes by flowing high salt buffer with a flow
rate of approximately 0.15 µL/s through each outer channel. At 30 minutes a force of 8 pN was applied resulting in the red
data. For (a) no force plateau is visible. (b) A force plateau could represent a fiber of 12 nucleosomes. However ∆G1 had
to be set to 28 kbT. After 60 minutes both tethers show a plateau around 4 pN with ∆G1 equal to 20 kb which is in good
agreement with earlier results(A.Kaczmarzyk).
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A fit of the model by Meng et al.[4] with 12 fully wrapped nucleosomes and
binding energy ∆G1 = 28 kbT shows good agreement except for the slope
of the plateau. The tethers are pulled on once more after 60 minutes of
flushing t and the FE data is shown in blue. With the previously calculated
diffusion constants in mind, the salt conditions in the middle lane should
have equilibrated to at least 2 mM Mg2+ and 10 mM K+ after this time.
A force plateau is visible around for 4 pN for both tethers. The model by
Meng et al.[4] was fitted to both data sets. For (a) the fit parameters were
10 fully wrapped nucleosomes, ∆G1 = 20.0 kbT and a persistence length of
51.4 nm and for (b) 17 fully wrapped nucleosomes, ∆G1 = 21.2 kbT and a
persistence length of 24.2 nm. Nucleosomes were thus present on the DNA
in the low salt condition and stacking of the nucleosomes occurred with
increasing ionic strength.
With increasing magnesium concentration a force plateau starts to show for
both tethers in figure 17. It indicates stacking of nucleosomes into a fiber
structure and is in good agreement with earlier results which show a fiber
cannot form without the presence of magnesium[6]. The force plateau in (b)
decreased from 6 to 4 pN in the last 30 minutes corresponding to a lower
binding energy (∆G1). This decrease in ∆G1 with increasing ionic strength
is in good agreement with earlier results[6]. In these results ionic strength is
increased by direct injection of high salt buffer and, apart from the decrease
in ∆G1, dissociation of the H2A-H2B dimers was also observed[6]. In our
results this dissociation is not present. We attribute this to an absence of
to the induced drag force on the tether during buffer replacement. The use
of permeable membranes to change the ionic strength of the buffer can thus
prevent structural changes induced by drag forces.
With no histones in the buffer and a rising salt concentration[37] it is highly
unlikely that new nucleosomes will condense on the DNA. The nucleosomes
forming the fiber in the presence of magnesium must have been present on
the DNA strand in the low salt HE buffer. Cui et al. have shown that the
persistence length of native chromatin without interaction between nucleo-
somes because of low salt conditions was lower than that of bare DNA[45].
The fits of the WLC model to our data in low salt yielded persistence lengths
of 22.9 nm and 7.1 nm. The DNA is therefore thought to be fully wrapped
around the nucleosomes in the low salt conditions and the WLC model fit-
ted to the data in black has a contour length minus 147 times the number
of nucleosomes. These findings confirm that low salt conditions increase
nucleosome-DNA interaction strength.
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3.2.4 Parafilm flow cell
A new aluminium mold was designed in which the two cover slips were
held together by two parafilm gaskets. The fabrication of this new flow cell
does not involve polymerization of polymers as with PDMS or PEG-DA.
Instead it uses two laser cut pieces of parafilm as spacer between the cover
slips. After heating for 30 seconds the parafilm melts creating an air tight
flow cell. The fabrication time for one flow cell is approximately 5 minutes.
Figure 18 shows a finished parafilm flow cell. The Coomassie Brilliant Blue
(CBB) dye was flown into the microfluidic channel and shows there is no
leakage nor large air bubbles present in the flow cell. 10 duplicates of the
flow cell were produced with a 95% success rate. Unfortunetely, there was
no time left to test the combination of parafilm flow cells and PEG-DA
membranes.
Figure 18: Construction of parafilm flow cells is easy and very consistent. The inlet and outlet
are indicated by the red arrows. (a) top view. (b) down view.
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3.3 Unzipping of double stranded DNA
Figure 19: Schematic of the unzipping mech-
anism. A 2 kbp double stranded (ds) DNA
molecule (blue) is attached with one strand to a
3 kbp dsDNA molecule (red). The other strand
of the 3 kbp ds DNA is connected to a bead by
an LNA probe (yellow) (N.Hermans). When a
force of approximately 20 pN is applied, the 3
kbp dsDNA will start to unzip[13][14].
Another process that has been
shown to depend on salt concen-
tration is the melting of DNA[46].
The experimental setup is sketched
in figure 19. A 2 kilo base pair (kbp)
dsDNA molecule is attached to the
glass surface through a Digoxigenin
(DIG) Anti-DIG binding. The other
end is attached to the lower strand
of a 3 kbp DNA molecule. The
upper strand of this DNA is at-
tached to a 2.8µm bead through a
so called LNA probe developed by
N.Hermans. With the MT setup a
force can be applied to the hydrogen
bonds between the nucleotides of
the 3 kbp unzipping DNA molecule.
At approximately 20 pN the double
stranded DNA (dsDNA) starts to melt, resulting in an extension of the un-
zipping molecule[13][14]. When the force is lowered, the two single stranded
DNA (ssDNA) strands will anneal back together. The free energy required
to break a G-C bond is higher than that for an A-T bond as a result of
3 hydrogen bonds between G-C and only 2 between A-T[47]. A high local
G-C content leads to a peak in the free energy landscape and a high local
A-T content leads to a minimum in the free energy landscape. The forces
required to melt and anneal the DNA are directly related to the maxima
and minima in the free energy landscape. The position of the melting can
thus be used to locate high local G-C content and the position of annealing
can be used to locate minima in the free energy landscape.
In the experiment the tether is pulled on and released three times. In the
force-extension (FE) curves of figure 20 and 21 the pulling data is shown in
blue and the release data is shown in green. Up to the melting force the
data should follow the WLC model for dsDNA with a contour length of 2
kbp. When the melting force has been reached the dsDNA starts to unzip.
The data points in the FE curve will then cluster at positions of high G-C
content in the pulling trace and at positions of low G-C content (high A-T
content) in the release trace.
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(a)
(c)
(b)
Figure 20: The double WLC chain model results
in the best fit for unzipping the molecule. (a)
and (b) show fits made with the FJC model.
Visible in (a) is the mismatch between the to-
tal length of the model (red) and the FE curve
of the molecule(green/blue). In (b) a correction
was done to the distance between the molecule
and the magnet. Parameter z0 was set to 0.07 re-
ducing the distance and thus increasing the force.
However the curvature of the model and FE curve
still do not comply. In (d) the FJC was replaced
by a WLC without a stretching modulus. If the
persistence length is take to be 0.6 nm, both the
slope and the extension of the tether fit well.
To obtain the number of unzipped
base pairs we fitted each data
point in the force extension (FE)
curve with a model that calcu-
lates the contour length of the ss-
DNA. To compare the WLC-FJC
and DWLC model both were fitted
to the data of the completely un-
zipped molecule consisting of 6000
kbp ssDNA. Figure 20 shows the
FE data for the same, single tether
three times fitted with the different
models.
In figure 20(a) and 20(b) the WLC-
FJC model in equation 9 was fitted
with a persistence length for the ss-
DNA of 0.87 nm [23]. In (a) the off-
set in the magnet position (z0) was
set to 0 µm. The total length of the
model for 6000 base pairs (red) does
not match the total extension of the
molecule. In (b) a correction for the
magnet position was made in equa-
tion 11 where z0 was set to 0.25µm.
By doing this a possible error be-
tween measured and actual mag-
net position is corrected. The to-
tal length of the model now matches
the extension of the molecule but
the slope does not fit well. In figure
20(c) the DWLC model from equa-
tion 10 was fitted. When the per-
sistence length for the ssDNA is set
to 0.77 nm, it fits the measured FE
data well. The DWLC model was
used to calculate the contour length
of the ssDNA.
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The FE data and the resulting contour length histogram of three different
tethers are shown in figure 21. Each data point in the FE curves (a), (c)
and (e) was fitted with the WLC-WLC model with a persistence length for
ssDNA of 0.77 nm for (a), 0.6 nm for (c) and 0.53 nm for (e) to obtain the
contour length of the unzipped ssDNA. The contour lengths were plotted in
a histogram shown in figures 21(b),(d) and (f). The peaks in the histogram
show the position of the high G-C content in blue and low G-C content in
green. The positions of the peaks correlate well with the G-C content ratio
calculated from the unzipping sequence shown in red.
The FE data up to 15 pN, prior to unzipping of the dsDNA, in figure 21(c)
and (e) shows a poor fit to the WLC for dsDNA with 2 kbp contour length.
The FE data of the unzipping shows good resemblance between the three
tethers. This indicates the unzipping of the same molecule and production
of the unzipping molecule was reproducible. The yellow, orange and red line
shows the DWLC model with respectively 1200, 2200 and all 3000 base pairs
of the dsDNA unzipped. The lines emphasize how the clusters of pulling
and release data in the FE diagram are translated by the DWLC model into
peaks in the contour length histogram. Drift in the position of the clusters
can be distinguished around the yellow and orange line.
The unzipping molecule was pulled on and released three times. Each time
the molecule was allowed to anneal less far. From the FE data and the con-
tour lenght histogram for each tether it can be seen that the highest melting
force is required in the beginning of molecule. When this force is reached
the whole molecule unzipped completely. Annealing the molecule less far
on each subsequent pull allowed us to probe other regions of the free energy
landscape as well. The positions of the pulling (blue) and release (green)
peaks in the contour length histograms of figure 21(b),(d) and (e) agree well
with the position of the maxima and minima in free energy landscape. The
large green peak at the end does not correspond to an energy minimum but
shows the total length of the molecule. In conclusion, MT data can be used
to measure the free energy landscape of unzipping dsDNA, which is directly
related to its sequence.
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(a) (b)
(e) (f)
(c) (d)
Figure 21: The positions of high and low GC content are correlated with contour length histograms obtained from FE extension
curves. The blue data show pulling on the tether, the green data show relaxing of the force. In the FE graphs, the black line
is a WLC model of 2000 base pairs and the yellow, orange and red lines show the double WLC model with respectively 2600,
4900 and 6000 base pairs. The persistence length used in the double WLC model is 0.77 nm for (a)(b), 0.6 nm for (c)(d) and
0.53 nm for (e)(f).
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4 Discussion
4.1 Magnetic tweezer experiments in low salt conditions
No increase in the free energies (∆G) for the step wise unfolding of chromatin
fiber were observed when the buffer was changed to low salt. However,
flushing of the buffer to change the salt conditions in the microfluidic flow cell
resulted in great structural changes of the chromatin fiber and disassembly
of the nucleosomes. This was considered to be caused by the drag force
induced on the bead when flushing the buffer. The calculated drag forces
based on the flow velocity and microfluidic channel geometry were to low to
induce any changes in the chromatin fiber. However, this calculation was
simplified and the drag force was still considered to be of influence in our
measurements.
The data presented by li et al.[7] showed an increase in free energy (∆G) be-
tween the histone octamer and DNA which made it possible to distinguish
between the unstacking of the nucleosomes and unwrapping of the outer
turn of DNA from the histone octamer. It was thought that this increased
(∆G) was a result of their low salt measuring buffer, lacking both monova-
lent salts and magnesium. Indeed Chien showed in his thesis that decreasing
monovalent salt concentration increased the binding energy ∆G1[6]. How-
ever he and others also showed that magnesium is essential in the stacking
of nucleosomes to form the chromatin fiber[6][38][48][49]. We have not been
able to reproduce the results from li et al[7].
Permeable membranes were used to change the ionic buffer strength without
inducing a force on the chromatin fiber. From figure 17 it can be concluded
that the drag force indeed could result in unstacking of the nucleosomes
and loss of the H2A-H2B dimers. It also showed that nucleosomes in low
salt conditions are fully wrapped and show a reduced persistence length in
force extension curves. However, alignment of the offset in the extension of
the three measurements in figure 17 could be problematic as the behavior
in higher force regions and thus the presence of nucleosomes is not exactly
known. Our alignments of the FE curves is based on the fact that nucle-
osomes do not stack in the abscence of Mg2+[6][38][48][49] but the DNA
is still fully wrapped around the histone octamer as a result of increased
DNA-Histone interaction in low ionic strenghts[6].
It proved hard to obtain force extension (FE) curves of chromatin at high and
low salt concentration. Both samples used in FE experiments showed mainly
bare DNA like behavior, indicating the absence of nucleosomes on the DNA.
When a tether did show fiber like extension, the number of nucleosomes
present was less than expected based on the number of Widom 601 sequences
in the construct (results not shown). The sample used in our measurements
38
was between 4 and 8 weeks old which could have influenced the quality of
the sample. Using fresh samples may improve the quality of the chromatin
fibers.
Low salt conditions made the tethers stick to the surface of the glass cover
slip and no extension was observed. The magnet was positioned at 8 mm
to exert a force of 0.2 pN to the bead while flushing in low salt to prevent
this. The tethers that were outside the magnetic field however, stuck to the
glass and as a result only in a very small part of the microfluidic channel
measurements could be done. Furthermore it was necessary to determine
if good tethers were present in that part before flushing the low salt. This
was done by looking at the extension-time diagram at low force (<8pN).
The extension-time diagram however, depends on the magnet trajectory
and details such as the number of nucleosomes present on the DNA. This
makes it hard quantify the amount of good tethers. A real-time plot of
the force extension diagram based on a small percentage on the data points
shown in the MT software could make this initial evaluation more reliable.
4.2 Flow cells with permeable membranes
PDMS flow cells were not a viable option for the fabrication of permeable
membranes due to the air in the microfluidic channel and the non bonding
between PDMS and PEG-DA. Experiments in an old aluminium mold for a
full PEG-DA flow cell showed that PEG-DA 258 had to be used for water
stability, the volume of the PEG-DA had to be minimized and a consistent
thickness of the flow cell was important for membrane fabrication. A new
aluminium mold was designed for a full PEG-DA flow cell with the above
considerations in mind. Experiments with the new design had a low suc-
cess rate due to both leakage between the PEG-DA - aluminium mold and
fracturing of the cover slips. Different fabrication parameters were tried to
increase the success rate with no result and the full PEG-DA flow cells were
abandoned. The latest design, a flow cell made with two parafilm gaskets,
does not involve curing a chemical, has a 5 minute fabrication time and a
95% success rate.
Connecting the PEG-DA membrane to the PEG-DA flow cell proved to
be difficult even tough multi layered PEG-DA device had been manufac-
tured without leakage at the PEG-DA connection after curing[9]. Difficul-
ties were found in the bonding at the PEG-DA connection and in keeping
the membrane bound to the glass cover slip for a longer period than 2 hours.
PEG-DA 400 in v/v ratio of 30% with Milli-Q was found to have the best
adherence properties and zero to none swelling while still allowing ions to
diffuse through. The multilayer PEG-DA devices described by Cuchiara et
al.[9] did however not use PEG-DA mixed with water. Aside from volume
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shrinkage of pure PEG-DA[43], Liu et al.[50] showed that volume shrinkage
is inversely proportional to its mass ratio. The leakage along the PEG-DA
connection may therefore be a result of PEG-DA shrinkage.
Figure 22: A new mask designed for the
parafilm flow cell.
The parafilm flow cell has good po-
tential to increase the robustness of
the construction of membranes in
flow cells. It is thinner and has a
reduced volume. As a result the
volumetric flow rate can decreased
while maintaining the same flow ve-
locity. A reduced volumetric flow
rate induces a smaller pressure gra-
dient between the inlet and outlet. This makes detachment of the mem-
branes less likely. A new mask designed for the parafilm flow cell is shown
in figure 22. The outline of the membrane is shown in purple. The mask
anchors the membranes around the triangles sticking out from the blue and
red gaskets as seen in figure 6. This should make the membranes less suscep-
tible to leakage around the connection between PEG-DA and parafilm. In
the end a flow cell with a permeable membrane could prove very use full in
MT experiments were ionic strength of the buffer has to be changed without
inducing a drag force on the tether.
Diffusion coefficients were estimated to be 1.2 ± 0.310−7cm2/s for a 2 mm
wide 33% PEG-DA 400 membrane and 2.1± 0.810−7cm2/s for a 1 mm wide
33% PEG-DA 400 membrane. We expected the diffusion coefficients to be in
the same order of magnitude as that for free diffusion of magnesium in water
due to the large mesh size of PEG-DA networks[51]. However, the diffusion
coefficient for free diffusion of magnesium in water, calculated by the Stokes-
Einstein equation, was found to be 2.88 10−5cm2/s, two order of magnitudes
smaller than our diffusion coefficients. Furthermore, our diffusion coefficient
is also two orders of magnitude smaller than that found by Park et al[10].
Both were empirically determined and used a dye to measure the change
in concentration. Park et al. however measured the change in color as a
function of time and were therefore able to use Fick’s second law of diffusion.
Our diffusion constant may therefore lay closer to the expected value from
the Stokes-Einstein equation if we measured the change of concentration
as a function of time inside the flow cell and applied Fick’s second law of
diffusion.
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4.3 Unzipping of double stranded DNA
The MT setup was used to unzip a 3 kbp dsDNA molecule. Two models,
the WLC-FJC and the Double WLC (DWLC), were proposed to calculate
the contour length of the unzipped dsDNA from the FE data. The WLC-
FJC model did not fit the data well in terms of extension and slope. We
checked if the difference in length between the data and the model could
be explained by wrong calibration of the magnet position due to a thinner
microfluidic channel. The microfluidic channel in the parafilm flow cell used
for the measurements is estimated to be between 0.05 and 0.1 mm thinner
than the microfluidic channel in the PDMS flow cell for which the MT
were calibrated. However, to obtain good agreement between between the
lenght of the model and the extension seen in the data, the correction for
the magnet position had to be set to 0.25 mm. This value is much higher
than estimated and the shorter lenght is more likely to be a result of the
FJC model than a wrong calibration of the magnet position. Furthermore
Smith et al.[22] showed deviations in the slope of the FJC model to ssDNA
data above 10 pN. The slope of the WLC-FJC model did not yield good
fits to the data either. The FJC describes the ssDNA as rigid rods whose
orientation is independent of other rods[18][19]. For a 6 kbp ssDNA molecule
the independent orientation of the rods is thought to create the deviations
in the slope. The extensible FJC has been suggested as an improvement to
the FJC by including a stretching modulus for the DNA[22]. We included a
stretching modulus in the FJC of the WLC-FJC model. This resulted in a
less steep slope of the model in figure 20(b) which made the fit to the data
worse.
The DWLC did fit the data well with a persistence length for the ssDNA
between 0.77 and 0.53 nm. These value’s are in the same range as found in
earlier research where ssDNA FE data was fitted to the WLC model[23]. The
f/S term was not included in the WLC for ssDNA in equation 10. This term
adds extension to the WLC model based on the force. However, with a value
of 800 pN for the stretching modulus of ssDNA[22] and a maximum pulling
force of 20 pN, it would add only 2.5% to the maximum contour lenght.
This, together with the value of the stretching modulus being determined
using the extended FJC model instead of the WLC model[22], made us not
include the stretching modulus into the WLC for ssDNA.
In figure 19(c) and (e) the FE data up to 15 pN, prior to unzipping of the
dsDNA, shows a poor fit to the WLC for dsDNA. This cannot be a result
of the tether being attached to two beads, as the molecule would unzip at a
lower force, or two tethers attached to one bead, as a higher force would be
required to unzip both tethers. Steric hindrance between the 2 kbp dsDNA
and the 3 kbp unzipping dsDNA segment could be a possible explanation.
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The number of unzipped dsDNA base pairs was correlated with the G-C
content ratio of the sequence through the use of a contour length histogram.
The peaks in the contour length histogram showed good agreement with the
calculated G-C content ratio. The deviation in the position of the peaks
in the contour lenght diagram between the three tethers is thought to be a
result of drift in the sample. The histogram could be improved by displaying
the free energy landscape of the sequence calculated by the the nearest-
neighbour model[52] instead of the G-C content ratio.
Some unzipping experiments in literature have mainly focused on reveal-
ing the position of nucleosome along the double stranded DNA[13][14]. The
melting forces in the data of these experiments depends both on the sequence
of the DNA and on the DNA-histone interactions. Combination of this data
with our melting forces for the bare dsDNA could reveal the free energy of
the DNA-histone interactions. In an experiment in which the buffer con-
ditions could be changed by diffusion the correlation between low salt and
higher DNA-histone free energy could even be investigated.
5 Conclusion
Magnetic tweezers experiments proved to be a good technique to research
the structure of chromatin fibers in different salt conditions. Changing the
salt conditions in a microfluidic channel without inducing a drag force on the
tether can be done by diffusion through a permeable membrane made from
PEG-DA 400. PEG-DA is not considered a good material for constructing
the flow cell itself. However, parafilm flow cells can be fabricated easily
and efficiently without the use of any chemical. Furthermore permeable
membranes in parafilm flow cells are theorized to be stable for longer periods
of time, although this would require further research. The diffusion of salt
through a permeable membrane could be used to further investigate the
DNA melting force and DNA histone interaction in different salt conditions.
42
References
1. Luger, K., Mäder, a. W., Richmond, R. K., Sargent, D. F. & Rich-
mond, T. J. Crystal structure of the nucleosome core particle at 2.8 A
resolution. Nature 389, 251–260. issn: 0028-0836 (1997).
2. Davey, C. A., Sargent, D. F., Luger, K., Maeder, A. W. & Richmond,
T. J. Solvent mediated interactions in the structure of the nucleosome
core particle at 1.9 ?? resolution. Journal of Molecular Biology 319,
1097–1113. issn: 00222836 (2002).
3. Koopmans, W. J. A., Buning, R., Schmidt, T. & Van Noort, J. spFRET
using alternating excitation and FCS reveals progressive DNA unwrap-
ping in nucleosomes. Biophysical Journal 97, 195–204. issn: 00063495
(2009).
4. Meng, H., Andresen, K. & van Noort, J. Quantitative analysis of single-
molecule force spectroscopy on folded chromatin fibers. Nucleic Acids
Research 43, 3578–3590. issn: 0305-1048 (Apr. 2015).
5. Kruithof, M., Chien, F., de Jager, M. & van Noort, J. Subpiconew-
ton dynamic force spectroscopy using magnetic tweezers. Biophysical
journal 94, 2343–2348. issn: 00063495 (2008).
6. Chien, F.-T. Chromatin dynamics resolved with force spectroscopy PhD
thesis (Leiden University, 2011).
7. Li, W. et al. FACT Remodels the Tetranucleosomal Unit of Chro-
matin Fibers for Gene Transcription.Molecular Cell 64, 120–133. issn:
10974164 (2016).
8. McDonald, J. C. et al. Fabrication of microfluidic systems in poly
(dimethylsiloxane). Electrophoresis 21, 27–40. issn: 01730835 (ISSN)
(2000).
9. Cuchiara, M. P., Allen, A. C. B., Chen, T. M., Miller, J. S. &West, J. L.
Multilayer microfluidic PEGDA hydrogels. Biomaterials 31, 5491–5497.
issn: 01429612 (2010).
10. Park, C. Y., Jacobson, D. R., Nguyen, D. T., Willardson, S. & Saleh,
O. A. A thin permeable-membrane device for single-molecule manip-
ulation. Review of Scientific Instruments 87. issn: 10897623. doi:10.
1063/1.4939197 (2016).
11. Gumuscu, B., Bomer, J. G., van den Berg, A. & Eijkel, J. C. T. Large
scale patterning of hydrogel microarrays using capillary pinning. Lab
Chip 15, 664–667. issn: 1473-0197 (2015).
12. Kaplan, N. et al. The DNA-encoded nucleosome organization of a eu-
karyotic genome. Nature 458, 362–366. issn: 0028-0836 (2009).
13. Hall, M. A. et al. High-resolution dynamic mapping of histone-DNA
interactions in a nucleosome. Nature structural & molecular biology 16,
124–9. issn: 1545-9985 (2009).
43
14. Brennan, L. D., Forties, R. A., Patel, S. S. & Wang, M. D. DNA looping
mediates nucleosome transfer. Nature Communications 7, 13337. issn:
2041-1723 (2016).
15. Williams, K. et al. A single molecule DNA flow stretching microscope
for undergraduates. American Journal of Physics 79, 1112–1120. issn:
0002-9505 (2011).
16. Fox, R., McDonald, A. & Pritchard, P. Introduction to Fluid Dynamics
8th. p.450-2 and p.368. isbn: 0471202312 (Hoboken, 1981).
17. Kundu, P. & Cohen, I. Fluid Mechanics 2nd. p.297-300. isbn: 0121782514
(Elsevier, 2002).
18. Smith, S., Finzi, L. & Bustamante, C. Direct mechanical measurements
of the elasticity of single DNA molecules by using magnetic beads.
Science 258, 1122–1126. issn: 0036-8075 (1992).
19. Bustamante, C., Smith, S. B., Liphardt, J. & Smith, D. Single-molecule
studies of DNA mechanics. Current Opinion in Structural Biology 10,
279–285. issn: 0959440X (2000).
20. Zhang, Y., Zhou, H. & Ou-Yang, Z.-C. Stretching Single-Stranded
DNA: Interplay of Electrostatic, Base-Pairing, and Base-Pair Stack-
ing Interactions. Biophysical Journal 81, 1133–1143. issn: 00063495
(2001).
21. Odijk, T. No Title, 7016–7018 (1995).
22. Smith, S. B., Cui, Y. & Bustamante, C. Overstretching B-DNA: The
Elastic Response of Individual Double-Stranded and Single-Stranded
DNA Molecules. Science 271, 795–799. issn: 0036-8075 (1996).
23. Bosco, A., Camunas-Soler, J. & Ritort, F. Elastic properties and sec-
ondary structure formation of single-stranded DNA at monovalent and
divalent salt conditions. Nucleic Acids Research 42, 2064–2074. issn:
03051048 (2014).
24. Brunet, A. et al. Dependence of DNA Persistence Length on Ionic
Strength of Solutions with Monovalent and Divalent Salts: A Joint
Theory-Experiment Study.Macromolecules 48, 3641–3652. issn: 15205835
(2015).
25. Lipfert, J., Hao, X. & Dekker, N. H. Quantitative modeling and op-
timization of magnetic tweezers. Biophysical Journal 96, 5040–5049.
issn: 00063495 (2009).
26. Hwang, C. M. et al. Benchtop fabrication of PDMS microstructures by
an unconventional photolithographic method. Biofabrication 2, 045001.
issn: 1758-5082 (2010).
27. Lamberti, A. et al. PDMS membranes with tunable gas permeability
for microfluidic applications. RSC Adv. 4, 61415–61419. issn: 2046-
2069 (2014).
28. Lisensky, G. C. et al. Replication and Compression of Surface Struc-
tures with Polydimethylsiloxane Elastomer. Journal of Chemical Edu-
cation 76, 537. issn: 0021-9584 (1999).
44
29. DowCorning. Sylgard 184 Silicone Elastomer product information http:
//www.dowcorning.com/DataFiles/090276fe80190b08.pdf.
30. Liao, K. C. et al. Percutaneous fiber-optic sensor for chronic glucose
monitoring in vivo. Biosensors and Bioelectronics 23, 1458–1465. issn:
09565663 (2008).
31. Hoare, T. R. & Kohane, D. S. Hydrogels in drug delivery: Progress and
challenges. Polymer 49, 1993–2007. issn: 00323861 (2008).
32. Hoffman, A. S. Hydrogels for biomedical applications. Advanced Drug
Delivery Reviews 64, 18–23. issn: 0169409X (2012).
33. Kim, P., Jeong, H. E., Khademhosseini, A. & Suh, K. Y. Fabrica-
tion of non-biofouling polyethylene glycol micro- and nanochannels by
ultraviolet-assisted irreversible sealing. Lab on a chip 6, 1432–7. issn:
1473-0197 (2006).
34. Qaderi, K. Polyethylene Glycol Diacrylate (PEGDA) Resin Develop-
ment for 3D-Printed Microfluidic Devices based on [35]. PhD thesis
(Brigham Young University, 2015).
35. Rogers, C. I., Pagaduan, J. V., Nordin, G. P. & Woolley, A. T. Single-
monomer formulation of polymerized polyethylene glycol diacrylate as
a nonadsorptive material for microfluidics. Analytical Chemistry 83,
6418–6425. issn: 00032700 (2011).
36. Lowary, P. &Widom, J. New DNA sequence rules for high affinity bind-
ing to histone octamer and sequence-directed nucleosome positioning.
Journal of Molecular Biology 276, 19–42. issn: 00222836 (1998).
37. Thomas, J. O. & Butler, P. J. G. Characterization of the octamer of
histones free in solution. Journal of Molecular Biology 116, 769–781.
issn: 00222836 (1977).
38. Richmond, T. J., Searles, M. A. & Simpson, R. T. Crystals of a nucle-
osome core particle containing dened sequence DNA. J Mol Biol 199,
161–70. (1988).
39. Luger, K., Dechassa, M. L. & Tremethick, D. J. New insights into
nucleosome and chromatin structure: an ordered state or a disordered
affair? Nature reviews. Molecular cell biology 13, 436–47. issn: 1471-
0080 (2012).
40. Robb, W. L. Thin silicon membranes. Their permeation properties and
some applications. Annals of the New York Academy of Sciences 146,
119–137. issn: 0077-8923 (1968).
41. Puchberger, D. Oxygen inhibition of free radical reaction https://
www.researchgate.net/post/How_do_I_bound_PEGDA_to_cured_
PDMS_in_a_microfluidic_device.
42. Castro, D., Conchouso, D., Fan, Y. & Foulds, I. G. Surface Treatments
of Soft Molds for High Aspect Ratio Molding of Poly-PEGDA. Proc.
of MicroTAS, 1231–1233 (2012).
45
43. Kurdikar, D. L. & Peppas, N. A. The volume shrinkage, thermal and
sorption behaviour of polydiacrylates. Polymer 36, 2249–2255. issn:
00323861 (1995).
44. Diehl, H. & Lindstrom, F. Eriochrome Black T and Its Calcium and
Magnesium Derivatives. Analytical Chemistry 31, 414–418. issn: 0003-
2700 (1959).
45. Cui, Y. & Bustamante, C. Pulling a single chromatin fiber reveals the
forces that maintain its higher-order structure. Proc. Nat. Acad. Sci.
USA. 97, 127–132. issn: 00278424 (2000).
46. Wenner, J. R., Williams, M. C., Rouzina, I. & Bloomfield, V. A. Salt
Dependence of the Elasticity and Overstretching Transition of Single
DNA Molecules. Biophysical Journal 82, 3160–3169. issn: 00063495
(2002).
47. Stofer, E., Chipot, C. & Lavery, R. Free energy calculations of watson-
crick base pairing in aqueous solution. Journal of the American Chem-
ical Society 121, 9503–9508. issn: 00027863 (1999).
48. Dwiranti, A. et al.M icroscopy M icroanalysis The Effect of Magnesium
Ions on Chromosome Structure as Observed by Helium Ion Microscopy,
184–188 (2014).
49. Li, G. & Reinberg, D. Chromatin higher-order structures and gene
regulation. Current Opinion in Genetics and Development 21, 175–
186. issn: 0959437X (2011).
50. Liu, S., Liu, G., Wei, W., Xiangli, F. & Jin, W. Ceramic supported
PDMS and PEGDA composite membranes for CO2 separation. Chi-
nese Journal of Chemical Engineering 21, 348–356. issn: 10049541
(2013).
51. Szabo, F. K. & Hoffman, G. E. Tuning mechanical performance of
poly(ethylene glycol) and agarose interpenetrating network hydrogels
for cartilage tissue engineering. 37, 62–70. issn: 15378276 (2012).
52. SantaLucia, J. A unified view of polymer, dumbbell, and oligonucleotide
DNA nearest-neighbor thermodynamics. Proceedings of the National
Academy of Sciences of the United States of America 95, 1460–5. issn:
0027-8424 (1998).
46
